Abstract: Two-dimensional (2D) carbon materials play an important role in nanomaterials. We propose a new carbon monolayer, named hexagonal-4,4,4-graphyne (H 4,4,4 -graphyne), which is a nanoporous structure composed of rectangular carbon rings and triple bonds of carbon. Using first-principles calculations, we systematically studied the structure, stability, and band structure of this new material.
Introduction
Monolayer graphene was first realized in 2004 1 and since then two-dimensional (2D) carbon material research has played a crucial role in nanomaterials. Many kinds of 2D carbon allotropes have been proposed due to the huge flexibility of the carbon bonding. Graphdiyne, 2 a special structure of graphyne, has been realized experimentally. Topological defects, [3] [4] [5] which include non-hexagonal carbon rings, have been observed in graphene. Many more new 2D carbon allotropes have been predicted theoretically with novel crystal structures that can be classified into two general classes. The first are the carbon monolayers that include some non-hexagonal carbon rings, [6] [7] [8] such as haeckelite H 5,6,7 9 /phagraphene 10 /Ψ-graphene 11 (5-6-7 rings) , T graphene 12 (4-8 rings) , and penta-graphene 13 (5 rings). These structures exhibit sp 2 /sp 3 hybridization of the carbon atom. The second one are the carbon monolayers that have the triple bonds of carbon (-C≡C-) due to the sp hybridization of the carbon atom, such as α/β/γ/δ/6,6,12-graphyne, [14] [15] [16] in which the carbon atoms (sp 2 hybridization)/hexagonal carbon rings are connected by -C≡C-. These 2D carbon allotropes show different fundamental physical and chemical properties. Not only their band structures change from metal/semimetal to semiconductor, but also they can be used in many energetic and environmental applications, such as for gas separation, 17 and for water desalination. 18 The abundant new 2D carbon structures also provide efficient inspiration for structural predictions of other elements, 19 leading to many more new lattice structures with excellent properties. Although many 2D carbon allotropes have been predicted, combining structural properties of the above two classes have been scarce up to now. [20] [21] [22] The topologically nontrivial materials, such as topological semimetals, have attracted broad interest.
There are three distinct kinds of topological semimetals: Dirac, Weyl, and nodal line semimetals. 23 
Method
Our first-principles calculations were performed using the Vienna ab initio simulation package (VASP) code, [40] [41] [42] implementing density functional theory (DFT). The electron exchange-correlation functional was treated by using the generalized gradient approximation in the form proposed by Perdew, Burke, and Ernzerhof (PBE). 43 The atomic positions and lattice vectors were fully optimized using the conjugate gradient scheme until the maximum force on each atom was less than 0.01 eV/Å. The energy cutoff of the plane-wave basis was set to 520 eV with an energy precision of 10 -5 eV. The Brillouin zone (BZ) was sampled by using a 9 × 9 × 1 Γ-centered Monkhorst-Pack grid. The vacuum space was set to at least 15 Å in all the calculations to minimize artificial interactions between neighboring slabs. The phonon spectrum was calculated using a supercell (4 × 4) approach within the PHONOPY code.
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Structure
The investigated graphyne monolayer is shown in Figure 1 Most new predicted graphyne structures are based on the hexagonal graphene structure by inserting the triple bonds of carbon, such as 6,6,12-graphyne, 16 14,14,14-graphyne, 47 and α-graphyne (α-2/α-3/α-4 graphyne), 48, 49 while those with non-hexagonal carbon rings are rather exceptional. [20] [21] [22] 46 Here, we provide a novel structure model in which the rectangular carbon rings and triple bonds of carbon can coexist, providing a novel structure model for new stable carbon monolayers. The nonoporous graphenylene membrane has been theoretically predicted to achieve efficient 3 He/ 4 He separation for industrial applications, 17 while the graphyne membrane has been proposed for water desalination. 18 Besides these carbon monolayers, the C 2 N-h2D 50 and g-C 3 N 4 51 membranes have also been proposed for separation applications, depending on their nonoporous structure. The diameter d = 9.30 Å of the circumcircle (red dotted line in Figure 1(a) ) of the 24 carbon ring of H 4,4,4 -graphyne is much larger than the one of other monolayers (5.49 Å for graphenylene, 17 6.90 Å for graphyne-3, 18 5.51
Å for C 2 N-h2D, 50 and 4.76 Å for g-C 3 N 4 51 ) and is comparable to that of the well-known covalent organic frameworks, which have been shown to have potential for a wide range of applications in gas/liquid separation.
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Energy and Stability
Introducing sp-hybridized carbon atoms can increase the system total energy (E t with a unit of eV per carbon atom) of carbon allotropes. Graphene shows the lowest E t in all the carbon allotropes while the graphyne structures have a higher E t due to the presence of sp-hybridized carbon atoms. 15 Setting n (N) as the number of sp-hybridized carbon atoms (total carbon atoms) in the unit cell, we calculated the ratio n/N. For γ-graphyne, β-graphyne, and α-graphyne, E t increases with the value of this ratio ( Table 1 . Calculated ratio of sp-hybridized carbon atoms (n) to the total carbon atoms (N) in the unit cell and total energy E t (eV/atom) of different 2D carbon allotropes.
Next, we studied the stability of H 4,4,4 -graphyne from dynamical and thermal aspects. The phonon spectrum of H 4,4,4 -graphyne is shown in Figure 1 
Band Structure
The electronic band structure of the H 4,4,4 -graphyne monolayer is shown in Figure 3 . The red lines indicate the band structure at the PBE level (Figure 3(a) ), which shows two Dirac points at the P (M-Γ) and Q (Γ-K) points along the high-symmetry points in the BZ. An enlarged view of the bands at the P/Q point near the Fermi level is presented in Figure 4 To investigate the origin of the double Dirac points, we calculated the orbital-projected band structure along the high-symmetry points in the BZ at the PBE level as shown in Figure 5 (a). It is clear that the bands (red dots) including the double Dirac points close to the Fermi level originate from the p z atomic orbitals of the carbon atoms. This is similar to most other 2D carbon structures having a Dirac point, such as phagraphene, 10 δ-graphyne, 15 and α-graphyne 49 For the double Dirac points in 2D carbon structures, there are two kinds of origins. One is the double Dirac cones as shown in the Cp-graphyne 20 and 6,6,12-graphyne, 59 where the two Dirac points come from the two Dirac cones. Another one is that the linear dispersion relation near the Fermi level exists in each direction forming a Dirac loop, which is called a nodal line band structure, such as in buckled T graphene. 12 To further distinguish the two kinds of origins in H 4,4,4 -graphyne, we also calculated the 3D band structure (insert of Figure 5 (b)) around the double Dirac points. Notice that the two band lines forming the double Dirac points become two band surfaces, which cross at the Fermi level forming a Dirac loop (black line in insert of Figure 5(b) ). This kind of band structure should obviously be a Dirac nodal line band structure, which implies that H 4,4,4 -graphyne is a 2D Dirac nodal line semimetal. 24, [37] [38] [39] 62 Moiré Superstructure BN is an appealing substrate material, because it has an atomically smooth surface that is relatively free of dangling bonds and charge traps. 63 It has been a standard substrate for graphene, as confirmed experimentally and theoretically. 64, 65 Different from the simple stacking models, such as AA and AB, the graphene/BN heterostructure results in a moiré superstructure stacking model and the interaction between the two planer layers is due to van der Waals (vdW) force. 64, 65 In theoretical calculations and experimental synthesis, since the BN substrate can well preserve the hexagonal honeycomb structure of graphene, 64, 65 BN has been a preferential substrate for other 2D monolayer structures, such as silicene 66 and germanene. 67 Here, we constructed a H 4,4,4 -graphyne/BN heterostructure with the moiré superstructure stacking model. The superstructure is shown in Figure 6 (a), in which we used the 21 Figure 6 (b). It is clear that the bands from the BN substrate are far away from the Femi level and the band structure with double Dirac points is well preserved, which is similar to the case of graphene/BN. 65 We therefore propose that the BN substrate may be an ideal substrate for H 4,4,4 -graphyne, which contributes to the stabilization of the monolayer and the preservation of the double Dirac points. 
Conclusion
In summary, using first-principles calculations combined with a TB model, we predict that the new carbon monolayer, H 4,4,4 -graphyne, is a nodal line semimetal with: 1) a nanoporous structure, 2) high stability, 3) band structure with double Dirac points, and 4) ultrahigh Fermi velocities. The nanoporous structure shows potential applications for gas/liquid separation. The value of the total energy, phonon calculations, and MD simulations fully confirm its energetic, dynamical, and thermal stability. The 
